Changes in visual cortical responses that are induced by monocular visual deprivation are a widely studied example of competitive, experience-dependent neural plasticity. It has been thought that the deprived-eye pathway will fail to compete against the open-eye pathway for limited amounts of brain-derived neurotrophic factor, which acts on TrkB and is needed to sustain effective synaptic connections. We tested this model by using a chemical-genetic approach in mice to inhibit TrkB kinase activity rapidly and specifically during the induction of cortical plasticity in vivo. Contrary to the model, TrkB kinase activity was not required for any of the effects of monocular deprivation. When the deprived eye was re-opened during the critical period, cortical responses to it recovered. This recovery was blocked by TrkB inhibition. These findings suggest a more conventional trophic role for TrkB signaling in the enhancement of responses or growth of new connections, rather than a role in competition.
During development, experience strongly influences the formation and maturation of neuronal connectivity in the mammalian cortex. In the visual system, closing one eye for even a few days during a critical period of heightened plasticity in early postnatal life leads to a pronounced decrease in the cortical representation of the deprived eye, which is observed both physiologically and anatomically 1 . The experience-dependent changes following such monocular deprivation, termed ocular dominance plasticity (ODP), operate through a competitive interaction between inputs from the two eyes and depend on the activity state of the postsynaptic neurons [1] [2] [3] [4] [5] . These features of ODP have suggested that a retrograde signal released by the postsynaptic neurons may mediate plasticity by affecting afferents from the two eyes differently.
Brain-derived neurotrophic factor (BDNF), the cognate ligand for the TrkB receptor, has been proposed to be such a retrograde signal on the basis of a number of observations, including the activity-dependent expression of BDNF and trafficking of TrkB receptors 6, 7 , as well as its established role for BDNF and TrkB in other brain region-specific forms of developmental plasticity 8, 9 . In the visual cortex, BDNF expression is tightly regulated by visual experience [10] [11] [12] [13] . Exogenous TrkB ligands block the effect of monocular deprivation physiologically [14] [15] [16] . Either applying exogenous TrkB ligand or blocking endogenous TrkB ligand inhibits the formation of ocular dominance columns 17 . Mice overexpressing BDNF in the postnatal brain show a precocious critical period for ODP 18, 19 . The prevailing hypothesis 8, 17, 20, 21 has been that competition for limited amounts of BDNF, which acts on TrkB receptors, is the effector of activitydependent plasticity in the cortex, and the conventional explanation for ODP is that the deprived eye fails to activate cortical cells as well as the open eye, thereby failing to stimulate them to release sufficient BDNF to sustain the deprived-eye pathway.
However, precise roles for TrkB-mediated signaling in ODP have not been determined because of the limitations associated with the current approaches for blocking TrkB. Standard genetic approaches, although offering high molecular specificity, lack the temporal control over gene inactivation that is required to determine whether the reported effects of TrkB/BDNF inactivation on synaptic plasticity are a consequence of remote events occurring earlier in development or are the direct result of the absence of TrkB signaling at the time plasticity is induced. For example, proper inhibitory circuitry is necessary for ocular dominance plasticity 22 , and the development of inhibitory neurons is closely regulated by BDNF-TrkB signaling 19 , suggesting a mechanism by which genetic manipulations of TrkB signaling for a prolonged period would indirectly affect cortical plasticity 18, 19 . Pharmacological inhibitors of TrkB kinase activity provide temporal control, but have limited specificity, complicating interpretations of the data.
Here we employed a chemical-genetic approach that combines the specificity of gene-targeting with the temporal control offered by pharmacology to resolve the role of TrkB in ODP. A phenylalanineto-alanine substitution (TrkB F616A ) in the ATP binding pocket of the kinase rendered the receptor sensitive to specific inhibition by 4-amino-1-tertbutyl-3-(1-napthylmethyl)pyrazolo [3,4-D] pyrimidine (1NM-PP1), allowing for specific and temporally controlled inactivation of TrkB. Notably, this mutation is functionally silent in the absence of the cognate inhibitor, 1NM-PP1 (refs. 23,24) . Also, we used chronic intrinsic-signal optical imaging to record from individual animals longitudinally, enabling us to examine changes in the absolute response magnitude, and not just the ratio, of deprived-and open-eye responses.
Our results demonstrate that the accepted role for BDNF-TrkB signaling in cortical plasticity is incorrect. We found that TrkB kinase activity was not required for the loss of cortical responses to deprived-eye stimulation. With or without TrkB activation, a decrease in response to the deprived eye occurred, followed by an increase in response to the open eye. The same techniques, however, revealed that TrkB kinase activation was essential for the subsequent recovery of deprived-eye responses induced by binocular vision. These findings indicate that TrkB kinase signaling is involved only in the enhancement of responses and is not a part of the plasticity machinery that is responsible for the loss of cortical responses in monocular deprivation. These findings are also of interest for their potential clinical importance for patients with amblyopia.
RESULTS

Inhibition of TrkB F616A phosphorylation by 1NM-PP1 in vivo
We first determined the effect of 1NM-PP1 on TrkB F616A kinase activity in the visual cortex in vivo using immunoprecipitation and immunoblotting (Fig. 1) . Systemic administration of 1NM-PP1 significantly inhibited TrkB F616A kinase activity, either by a single intraperitoneal injection at a dose of 16.6 ng per g of body weight (P o 0.05; Fig. 1b ) 25 or by chronic subcutaneous infusion via osmotic minipump at 0.5 nmol per g per h (P o 0.01; Fig. 1c ). We chose this infusion rate on the basis of a previous report 24 . Consistent with previous reports 24, 25 , the inhibition by 1NM-PP1 was specific to mutant TrkB (Fig. 1b,c) , reversible (Fig. 1b) and stable after 6 d of continuous infusion (Fig. 1c) . In addition, area-specific TrkB inactivation was made possible by local infusion of 1NM-PP1 into one cortical hemisphere; TrkB F616A phosphorylation was greatly reduced in the infused side, but not in the contralateral hemisphere (Fig. 1d) .
Effects of TrkB inactivation on visual cortical function Ntrk2 F616A (TrkB F616A ) homozygous mice have normal TrkB function in the absence of inhibitor and show growth and reproduction that is comparable to that observed in wild-type littermates 24 . Baseline synaptic transmission and plasticity in acute hippocampal slices were also normal in the absence of the inhibitor (P.M.E., unpublished data). Using intrinsic-signal imaging, we found that retinotopic organization and response magnitude in the visual cortex of TrkB F616A mice with normal visual experience were indistinguishable from those of wildtype littermates ( Fig. 2a and Supplementary Fig. 1 online) . Because treatments that strongly alter electrical activity in the cortex can affect ODP, we tested whether 1NM-PP1 alters the visual cortical responsiveness of TrkB F616A mice at the global and single-unit levels. Functional visual cortical maps (retinotopy and response magnitude) in animals treated with 1NM-PP1 for 6 d starting at postnatal day 24-28 (P24-28) were not different from those in vehicle-treated mice, as measured with intrinsic-signal imaging ( Fig. 2a and Supplementary  Fig. 1 ). Single-unit recording from neurons in the binocular area showed no difference between 1NM-PP1-and vehicle-treated mutant animals in spontaneous activity, evoked activity in response to stimuli with preferred orientations, and receptive field sizes (Fig. 2b) . Responses to bars with nonpreferred orientations were slightly, but significantly, lower in 1NM-PP1-treated animals than those in vehicletreated animals (P ¼ 0.041, Kolmogrov-Smirnov test), although the resulting difference in orientation selectivity, the relative responsiveness to preferred and nonpreferred orientations, did not reach significance (P ¼ 0.053, Kolmogrov-Smirnov test). BDNF-TrkB signaling has been shown to be important in GABAergic neuron development 19 . Visual cortical neurons in mice carrying a targeted disruption of a GABA-synthesizing enzyme (Gad2 -/-mice) show prolonged discharge to a light-bar stimulus moving out the cell's receptive field, an indicator of reduced inhibition 26 . Cells having such prolonged discharge were rarely found in control animals (0-1 cells per animal) and did not increase after TrkB kinase inhibition for 6 d during the critical period (vehicle, 5 of 131 cells; 1NM-PP1, 6 of 142 cells). Acute inhibition of TrkB kinase also did not produce systematic changes in visually evoked and spontaneous activity in visual cortical neurons over 1 h following a single injection of 1NM-PP1 ( Supplementary  Fig. 2 online) , a duration sufficient for the inhibitor to have its full effect (as demonstrated in Fig. 1b ). These observations indicate that TrkB kinase inhibition does not grossly change the responsiveness of visual cortical neurons.
Ocular dominance plasticity is normal under TrkB inhibition
To determine the role of TrkB kinase activation in cortical plasticity, we deprived mice of vision in one eye by closing one eyelid for 4-5 d, starting at P25-26, during the peak of the critical period. We measured cortical responses to right-and left-eye stimulation that was restricted to the binocular portion of the visual field and computed the ocular dominance index (ODI) using intrinsic-signal imaging as described (Fig. 3a) 27 . This method readily detected the ocular dominance shift that was induced by monocular deprivation in wild-type and vehicletreated TrkB F616A mice (Fig. 3b) . Notably, inhibition of TrkB kinase activity did not affect the ocular dominance shift (Fig. 3b) or other features of cortical maps ( Supplementary Fig. 3 online) . The ODI after monocular deprivation in 1NM-PP1-treated TrkB F616A mice (-0.06 ± 0.05, mean ± s.d.) was indistinguishable from those in vehicle-treated TrkB F616A animals (-0.08 ± 0.05) or in wild-type littermates treated with 1NM-PP1 (-0.08 ± 0.04) or vehicle solution (-0.07 ± 0.07) (Fig. 3b) . Single-unit recordings confirmed the optical imaging findings and showed that there was no significant difference between vehicle-and 1NM-PP1-treated TrkB F616A mice after monocular deprivation in either the ocular dominance distribution (P ¼ 0. (Fig. 3c,d ). These results in mutant mice are consistent with, but much stronger than, data obtained using conventional pharmacological approaches in wild-type animals; neither cortical infusion of K252a, a broad-spectrum tyrosine kinase inhibitor, nor TrkB-IgG fusion protein, a specific scavenger for extracellular TrkB ligands, impaired ODP during the normal critical period in wild-type mice (Supplementary Fig. 4 online) . The ocular dominance shift following monocular deprivation during the critical period is the product of two distinct changes: a decrease in deprived-eye responses and an increase in open-eye responses. To determine whether TrkB inactivation might affect the magnitude or time course of these changes, we recorded intrinsic signals repeatedly in individual animals before and after the eyelid suture (Fig. 3e-g ). A robust decrease in response amplitude to deprived-eye stimulation occurred at 3 d of monocular deprivation and was maintained at 6 d of monocular deprivation, whereas an increase in the response magnitude to the open eye was detected at 6 d, but not at 3 d (Fig. 3f) , resulting in a gradual change of the ODI (Fig. 3g) . These observations are consistent with previous reports 28, 29 . The degree and the time course of both these changes were not different between vehicle-and 1NM-PP1-treated TrkB F616A mice (Fig. 3f,g ). Together, these results indicate that TrkB kinase signaling is not required for any aspect of the plasticity process by which monocular deprivation leads to changes in visual cortical responses to the two eyes during the critical period.
TrkB inactivation inhibits recovery from monocular deprivation A second manifestation of cortical plasticity is the recovery of responsiveness to the deprived eye when normal vision is restored. Previous experiments have suggested that the loss and recovery of response to the deprived eye may share molecular mediators 30 . However, recent data suggest that different mechanisms contribute to these two processes 31, 32 . Therefore, we examined whether TrkB kinase inhibition affects recovery. Using repeated imaging of intrinsic signals, visually evoked responses were recorded before the lid suture at P25, after 5 d of monocular deprivation (P30) and after another 4 d of binocular vision (P34) in TrkB F616A mice treated with systemic 1NM-PP1 or vehicle solution during the recovery period (Fig. 4a) . In vehicle-treated animals, opening the previously deprived eye to allow binocular vision restored responses to both eyes to their baseline levels, as measured before the initial monocular deprivation (Fig. 4b,c) ; as a result, the ODI was shifted back to its original state (Fig. 4d) . In marked contrast to its lack of effect on monocular deprivation, 1NM-PP1 treatment of TrkB F616A mice during the binocular vision prevented this recovery ( Fig. 4b-d) . Both the previously deprived-and open-eye responses failed to recover from the effect of monocular deprivation, resulting in a lack of ODI restoration (Fig. 4d) .
Consistent with the results of TrkB inactivation in mutant mice, administration of the broad-spectrum tyrosine kinase inhibitor K252a during re-established binocular vision in wild-type animals also blocked recovery. Impaired recovery was evident in deprived-and open-eye responses, as well as in ODI, whereas binocular responses in vehicle-treated animals were restored to pre-monocular deprivation levels (Fig. 4e,f) . Notably, when K252a was administered to TrkB F616A mice during binocular vision, it did not produce detectable effects on recovery (Fig. 4e,f) , suggesting that the mutant TrkB kinase is relatively insensitive to K252a, a suggestion that is consistent with previous results in vitro 24 . These findings further suggest that the effect of K252a that we observed is exerted primarily through its action on TrkB.
We also examined ocular dominance recovery using acute intrinsicsignal imaging (Fig. 5a ) and single-unit extracellular recording (Fig. 5b,c) . Consistent with the results that we obtained in our chronic imaging experiments, acute imaging showed that the mean ODI in 1NM-PP1-treated TrkB F616A mice after the re-establishment of binocular vision following monocular deprivation (-0.04 ± 0.06) differed significantly from those of all control recovery groups, but did not differ from those of wild-type and TrkB F616A mice after 5 d of monocular deprivation without recovery (one-way analysis of variance, ANOVA, with correction for multiple comparison). Even a much longer period of binocular vision (10-12 days) failed to restore normal ocular dominance under TrkB kinase inhibition (SC-L group in Fig. 5a ; ODI, -0.02 ± 0.08). Single-unit recording confirmed that ocular dominance recovered almost fully in vehicle-treated TrkB F616A mice (Fisher exact test, P ¼ 0.581 versus no monocular deprivation in Fig. 3b ), but did not recover in 1NM-PP1-treated animals (Fisher exact test, P ¼ 0.619 versus monocular deprivation in Fig. 3b , and P o 0.001 versus vehicle-recovery group) (Fig. 5b) .
Cortical TrkB kinase activation is required for recovery Because TrkB is expressed at multiple levels in the visual pathway, including the retina and dorsal lateral geniculate nucleus 12, 33 , TrkB inhibition at those sites could have been responsible for the impaired ocular dominance recovery described above, where 1NM-PP1 administered subcutaneously could act systemically. Therefore, we probed the specific cortical contribution to this failure of ocular dominance recovery, taking advantage of the ability to inhibit TrkB activity locally by intracortical infusion of 1NM-PP1 in TrkB F616A mice (see Fig. 1c ). Similar to systemic inhibition, local TrkB inactivation in the cortex prevented ocular dominance recovery (Vehicle-CX and 1NM-PP1-CX groups; Fig. 5a-c) . These results indicate that TrkB kinase activity in the cortex is necessary for the ocular dominance recovery that is induced by binocular vision following a brief monocular deprivation.
DISCUSSION
Our findings, obtained using a chemical-genetic method, show contrasting roles for TrkB in plasticity of the mouse visual cortex; its kinase activity is dispensable for the ocular dominance shift caused by monocular deprivation, but is necessary for the subsequent recovery of deprived-eye responses that is induced by binocular vision. The present results establish that TrkB kinase signaling is simply not a part of the plasticity machinery responsible for the rapid loss of cortical responses in monocular deprivation, contrary to widely accepted models in which the reduction of deprived-eye activity leads to its inputs to the cortex being defeated in a competition with more active inputs from the open eye for limited quantities of BDNF. Instead, TrkB signaling in developing visual cortex has a conventional neurotrophic role in facilitating the growth or enhancement of connections: in this case, those serving an eye restored to normal levels of activity. Although our data in mutant mice do not exclude the possibility that BDNF acts as a retrograde signal during monocular deprivation through a mechanism other than TrkB kinase activity, such as the T1 isoform of TrkB or through unidentified receptors, the persistence of monocular deprivation effects after treatment with the specific ligand scavenger TrkB-IgG ( Supplementary Fig. 2 ) argues against this possibility.
The effects of sensory deprivation and experience on BDNF expression in visual cortex parallel the roles for TrkB kinase activity that we demonstrate here in different forms of visual cortical plasticity. BDNF levels in the contralateral visual cortex decrease during monocular deprivation 11, 13 ; it thus makes sense that TrkB inactivation does not affect the loss of dominant-eye responses and synaptic pathways, as receptor activation is already low because of the scarcity of the ligand. On removal of the lid suture to initiate the recovery process, BDNF expression and secretion would be expected to return to the normal level rapidly, as they do after brief light exposure following a period of darkness 10 . This increase is consistent with the requirement for TrkB activation for the recovery of responses. Thus, BDNF-TrkB signaling appears to be unnecessary for the loss, but is necessary for the enhancement or growth of synaptic pathways that mediate deprived contralateral-eye responses. In this hypothesis, the fact that the absolute increase of response to the open eye following monocular deprivation does not depend on TrkB kinase function requires a different explanation. This increase, which took place only subsequent to the decrease in deprived-eye response (Fig. 3f) , may be viewed as a homeostatic response to maintain the firing rates of cortical cells using the only input that remains active; in culture, inhibiting TrkB activation promotes synaptic upscaling 34 .
Differential effects of various experimental manipulations on the loss and recovery of binocular responses have suggested that distinct cellular processes, such as synapse removal or formation, branch retraction or growth, or long-term depression/potentiation, may underlie the two phenomena 31, 32 . In particular, the requirement that we have found for TrkB kinase activation specifically in recovery, together with reports of a role for BDNF-TrkB signaling in the growth of new synapses and the potentiation of synaptic transmission 8, 9, 35, 36 , suggests that these cellular processes may underlie recovery.
Several distinct signaling pathways are engaged by TrkB activation. Inactivation of TrkB F616A by 1NM-PP1 presumably prevents phosphorylation of cytoplasmic tyrosine residues, which would inhibit the majority of signaling pathways that start with the binding of adaptors and enzymes to docking sites served by phosphotyrosines, including Y515 (Ras-MAP kinase and PI3K-Akt pathways) and Y816 (phospholipase Cg (PLCg) pathway) 37 . The present results do not reveal which one or which combination of these signaling pathways is essential for recovery. Several observations, however, are relevant. First, PLCg signaling has a major role in hippocampal long-term potentiation 38 , whereas the Shc pathway is less involved 39 . Second, TrkB activation by BDNF increases neurotransmitter release presynaptically [40] [41] [42] , which is mediated by the internal calcium stores and IP 3 (refs. 43,44) , again pointing toward the PLCg pathway. Third, previous studies have demonstrated that neither protein synthesis 32 nor CREB activation 31 are required for recovery of deprived-eye responses in juvenile ferrets, although these findings have not yet been confirmed in mice. These two are well-characterized downstream targets/effectors of TrkB signaling. Fourth, BDNF exerts rapid effects on synaptic transmission by modulating ion channel properties through TrkB 45 , many of which are mediated by post-translational modifications and do not require new protein synthesis.
Relatively little is known about the molecular mechanisms underlying the restoration of cortical responses after deprivation is ended. Our results provide new insights into a potential molecular cascade that regulates the recovery of cortical function in response to sensory experience. In light of the potential clinical importance of these findings for patients with amblyopia, it will be necessary to elucidate the signaling pathways downstream of TrkB that are required for recovery.
METHODS
Animals. Generation of the mouse line carrying a knock-in mutation with a substitution of phenylalanine (F) to alanine (A) at the amino acid position 616 of the Trkb gene (TrkB F616A ) was described previously 24 . 1NM-PP1 was synthesized as described previously 25 . Heterozygous mutant mice were maintained and experiments were carried out on homozygous and wild-type littermates from the cross of heterozygous mice unless otherwise noted. All experimental procedures were approved by the University of California San Francisco Institutional Animal Care and Use Committee.
Monocular deprivation and osmotic minipump implantation. To introduce monocular deprivation, the lids were sutured shut in the right eye, contralateral to the cerebral hemisphere examined, at P25-26 as described 46 . To examine the ocular dominance recovery following monocular deprivation, lids were sutured at P25 and opened at P30, followed by binocular vision for 4 d. Animals were checked daily to ensure that the eyes remained closed during monocular deprivation and open during the recovery period. We administered 1NM-PP1 or vehicle solution (4% (vol/vol) DMSO and 2% (vol/vol) Tween-20 in saline) using Alzet osmotic minipumps (Durect) at the rate of 0.5 nmol per g per h (subcutaneous) or 0.1 nmol h -1 (intracortical). The subcutaneous infusion rate was chosen on the basis of the previous report 24 . The intracortical infusion rate was determined in pilot experiments (data not shown). Cannula implantation for intracortical infusion was carried out as described 47 . The minipump was implanted about 24-36 h before monocular deprivation or suture removal.
TrkB-IgG (Regeneron Pharmaceuticals) in phosphate-buffered saline or K252a (Alexis Biochemicals) in artificial cerebrospinal fluid were infused to the cerebral cortex via a cannula connected to an osmotic minipump at a rate of 0.5 mg h -1 or 40-80 pmol h -1 , respectively, starting 2 d before the lid suture.
Biochemical assays. Because the baseline level of phosphorylated TrkB in the cortex was low (Fig. 1a) , we enhanced its level by systemically injecting kainic acid as described 48 . For acute TrkB inhibition, animals received an intraperitoneal injection of 1NM-PP1 (16.6 ng per g) followed by kainite (15 mg per kg) 10 or 60 min later. To examine TrkB inactivation by continuous infusion, 1NM-PP1 or vehicle were administered via osmotic minipumps for 1 or 6 d before the assay. In all cases, animals were quickly anesthetized with 4-5% isoflurane (Abbott) 20 min after kainate injection and were killed by decapitation. The cortices were then dissected and frozen in liquid nitrogen. For local inhibition experiments, the cortical area corresponding to the middle half in the medial-lateral extent from the caudal half was dissected separately from the left (infused side) and right (control side) cortices. Tissue was homogenized in cold lysis buffer containing 50 mM Tris (pH 8.0), 150 mM NaCl, 1% (wt/vol) Triton X-114, 0.1% (wt/vol) SDS, 0.5% (wt/vol) deoxycholic acid, protease inhibitor cocktail (Sigma) and 1 mM sodium orthovanadate. We incubated 1 mg of the extracted protein with 2 mg of rabbit antibody to mouse TrkB (gift from L. Reichardt, University of California San Francisco) for 1 h and then with protein A-Sepharose for 2 h. The precipitated protein was separated in SDS-PAGE and transferred to PVDF membrane. Phosphotyrosine was detected with antibody to phospho-Trk (mouse monoclonal IgG, Santa Cruz Biotechnology) using enhanced chemiluminescence and X-ray films. The membranes were then stripped using Restore Western Blot Stripping Buffer (Pierce) for 2-6 h at 20-22 1C ( Supplementary Fig. 5 online) and reprobed with antibody to TrkB. The exposed films were digitized, and densitometric quantification was carried out using ImageJ (US National Institutes of Health). The phospho-TrkB levels were normalized to corresponding total TrkB signals and the deduced ratios were further normalized to that of the control wild-type mouse for statistical analyses with ANOVA followed by Bonferroni's post hoc test. All chemicals were purchased from Sigma unless otherwise noted.
Optical imaging of intrinsic signals. Intrinsic-signal optical imaging and quantification of ocular dominance were carried out as described 27 . For repeated intrinsic-signal recording, we modified the acute preparation as follows. First, Nembutal was replaced with isoflurane (0.8%) in oxygen applied via a home-made nose mask, supplemented with a single intramuscular injection of 20-25 mg chlorprothixene. We monitored the concentration of isoflurane using an Ohmeda 5250 RGM (Datex-Ohmeda) throughout an imaging session. Second, we recorded transcranially; the scalp was suture closed at the end of the session and re-opened at the same location in the consequent session(s). Third, we shortened the duration of each run to 4 min, reducing the length of each imaging session to minimize the effects of anesthesia on ocular dominance plasticity. All repeated recordings were made in TrkB F616A mice. Typically, preparations took about 30 min, and animals stayed in a stable anesthetic level for 2-3 h. Animals regained normal awake behavior in 2-3 h after discontinuation of isoflurane and were kept in a regular housing condition between recordings.
For the initial assessment of retinotopy and response magnitude (as shown in Fig. 2 and Supplementary Fig. 1 ), we carried out intrinsic-signal imaging at P30-34 acutely under urethane anesthesia using full-screen bar stimulus as described 49 . The response area was calculated by selecting pixels with a response amplitude larger than 30% of the maximum value. Cortical magnification factor and map scatter were computed as described 50 .
Quantitative measurement of single-unit responses. To examine the effects of acute TrkB kinase inhibition on neuronal responsiveness, we recorded a total of 12 cells from three TrkB F616A homozygous mice at P32-36 using computerdriven stimulus presentation and spike collection with the System 3 workstation (Tucker-Davis Technologies). Single bright bars, 41 wide and 801 long at 80% contrast and drifting at 151 s -1 , were used to drive cortical cells. Each trial consisted of the drifting bar in eight different directions and a period of blank screen in a random sequence. Recordings were made from the binocular area of V1 before and at several time points between 5 and 60 min after 1NM-PP1 injection (16.6 ng per g, intraperitoneal), with five trials at each time point. A peristimulus histogram for each stimulus direction was constructed using 100-ms bins. The response of the cell was defined as the sum of the spikes elicited by each stimulus direction at each time point. Visually evoked responses after 1NM-PP1 injection were compared with the preinjection response in individual animals, and changes were evaluated using repeated measure ANOVA. For statistical analysis of pooled data, the postinjection responses at each time point were normalized to the preinjection response.
The effects of longer-term TrkB kinase inactivation on response properties of visual cortical neurons were examined with single-unit recording in TrkB F616A homozygous mice after 6 d of continuous infusion of 1NM-PP1 or vehicle solution via subcutaneous osmotic minipump. The stimulus and recording settings were the same as those described above. Orientation selectivity index was calculated as (R pref -R null )/(R pref + R null ), where R pref is the highest number of spikes elicited among four different orientations and R null is the number of spikes elicited by the stimulus orthogonal to the preferred one. Receptive field size was computed as described 50 .
Statistical analysis. Statistical significance was determined by ANOVA, followed by multiple comparisons with Bonferroni's correction. Repeated measure ANOVAs and paired t-tests were used for chronic imaging data. For ocular dominance scores in single-unit recording, we used the Fisher exact test.
Note: Supplementary information is available on the Nature Neuroscience website.
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